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SUMMARY The purpose of this study was to assess the sensitivity and specificity of two-dimensional echocardiography in detecting ischemia-induced transient myocardial dyskinesis. We prepared an openchest dog model of severe coronary stenosis (90% reduction of circumflex coronary artery diameter) and induced ischemia by acutely raising myocardial oxygen requirements with i.v. isoproterenol and acute aortic constriction. The changes observed with echocardiography were compared with those obtained by intramyocardial sonomicrometers placed side by side or in an endocardial-epicardial orientation. Ischemia was defined as systolic wall expansion or thinning on sonomicrometers and two-dimensional echocardiography. We found complete agreement between sonomicrometers and two-dimensional echocardiography in all control tracings and after ischemia was induced; whenever dyskinesis occurred it was seen by both techniques. Although there was qualitative agreement between echocardiographic and sonomicrometric techniques, there were quantitative differences in the assessment of wall thickening. Such differences may be related to malalignment of the sonomicrometers, echocardiographic resolution limitations or other technical factors. We conclude that two-dimensional echocardiography is a sensitive and specific technique for detecting transient myocardial ischemia, and therefore should be useful for demonstrating exerciseinduced ischemia in patients with coronary artery disease.
TWO-DIMENSIONAL echocardiography can demonstrate resting cardiac wall motion abnormalities after clinical and experimental myocardial infarction.'-2 However, coronary artery disease in the absence of myocardial infarction may not be associated with resting abnormalities. Instead, contraction abnor-mg/kg), intubated with a cuffed endotracheal tube and ventilated with a Harvard respirator using room air and supplemental oxygen. Arterial blood gases were checked frequently and maintained in the physiologic range by adjusting respirator rate and tidal volume and by administering i.v. sodium bicarbonate. The chest was opened by a left thoracotomy, the left circumflex coronary artery was dissected free and a snugly fitting electromagnetic flow probe (Statham) was placed around it. Polyurethane catheters were placed in the aorta, femoral artery and inferior vena cava for pressure measurement and drug infusion. A silk snare was placed around the circumflex coronary artery proximal to the electromagnetic flow probe. Severe coronary stenosis was produced by the method of Folts et al. '3 This method uses coronary constricting devices constructed of Lexan, a physiologically inert plastic. The constrictors are cylinders 3 mm long and have a vshaped opening to one side. For the constrictor to be placed on a coronary artery, the vessel is dissected free from the epicardial surface. The tips of snap-ring pliers are inserted into the two holes in the constrictor and spread apart to open the "v" so that the vessel can be slipped into the constricting cylinder in a manner similar to the placement of an electromagnetic flow probe on a vessel. When released, the "v" closes, the cylinder completely encircles the blood vessel and a fixed area of stenosis results. Various degrees of coronary stenosis can be produced by using cylinders of different sizes. Folts et al. ' 3 demonstrated that a cylinder causing a reduction in coronary artery diameter of approximately 70% abolished reactive hyperemia after a 20-second coronary occlusion. Reduction of the resting coronary blood flow to half was taken to indicate more severe coronary stenosis, approximately 90% reduction in coronary artery diameter.'4 ' Using this relationship, we produced a 90% coronary stenosis in each dog.
Two-dimensional Echocardiographic Examination
After the constricting cylinder was placed on the circumflex coronary artery, the dogs were turned and a midsternal thoracotomy was performed. A two-dimensional echocardiographic transducer was placed directly on the pericardium overlying the right ventricle. The transducer was fixed to a rigid bar to minimize transmitted motion and the transducer orientation was adjusted to obtain an optimal two-dimensional short-axis image of the left ventricle at the papillary muscle level. Once fixed, the transducer was not moved during the interventions designed to induce ischemia.
Two-dimensional echocardiographic studies were performed using a Toshiba SSH-1OA sonolayergraph. The imaging system was a 32-element, 2.4-mHz transducer array with a phased-array electronic beam steering through an 80°sector. Images were recorded on a videotape recorder for later slow-motion and stopframe analysis. To analyze the images, endocardial and epicardial outlines of the left ventricle were traced on an acetate overlay at end-diastole (peak of the R wave of the ECG) and end-systole (smallest ventricular cavity) using real-time and slow-motion playback to identify borders. To ensure reproducibility, we arbitrarily selected the inner border of all echo interfaces for tracing.
With The percent thickening was calculated in all myocardial radii, and specific attention was given to the risk area. The risk area was defined as myocardial segments that showed wall thinning during an initial 20-30-second circumflex occlusion. Systolic wall thinning (negative thickening) never occurs in normal myocardium and indicates myocardial ischemia.
Sonomicrometers
We used sonomicrometers as an independent standard with which to compare echocardiograms. Pairs of miniature (2-mm diameter) 5-mHz ultrasonic crystals were implanted in the posterior left ventricular wall in the circumflex distribution, either side by side or in an endocardial-epicardial orientation as described by Sasayama et al. 16 When ultrasonic crystals are implanted side by side, they register segment length; in a transmural orientation, they register wall thickness ( fig. 2) . We used both orientations in this study. A 20-30-second circumflex coronary occlusion was performed to demonstrate dyskinesis and to verify that the sonomicrometers were in the ischemic area ( fig. 3) Diastolic Thickness Diastole ---Systole Ischemia increase the heart rate and contractility, and acute constriction of the proximal descending thoracic aorta to elevate the aortic pressure.
Experimental Protocol
In five of the 10 dogs, the sonomicrometer crystals were placed side by side; 'in the other five dogs, the crystals were placed in an endocardial-epicardial orientation. 'Two-dimensional echocardiographic' and sonomicrometric recordings were first obtained in the control state with no coronary'stenosis; recordings were continued during a 30-s'econd complete circumflex occlusion to be sure'that the sonomic,rometer crystals were placed in the circumflex 'zone and demonstrated dyskinesis. After at least 15 minutes of recovery, the two-dimensional echocardiographic and sonomicrometric recordings were repeated during a 90% coronary stenosis and then again when isoproterenol and acute aortic constriction were simultaneously superimposed on 90% coronary stenosis to produce transient ischemia. We attempted to raise th'e heart rate by 15% with isoproterenol and the systolic'blood pressure by about 10 mm Hg with aortic constriction. During each state of the experimental protocol, a represen- were done by one observer; the sonomicrometric data were analyzed independently by another observer.'
Data Analysis
The interventions were compared using analysis of variance to detect significant differences in the overall comparisons. Specific intergroup differences were assessed for significance using Duncan's multiple-range test. All results are expressed as mean ± SD.
Results

Echocardiography
In the control state with no coronary stenosis, the mean percent thickening of the risk segments was 36%; all segments continued to show thickening despite severe coronary stenosis (90% reduction in vessel diameter). There was echocardiographic systolic thinning during the initial brief total circumflex occlusion; a similar degree of thinning was induced by superimposing isoproterenol and aortic constriction on severe coronary stenosis (table I, fig. 4 ).
Sonomicrometers
The ultrasonic crystals showed normal segment shortening or thickening in the control -state and during 90% coronary stenosis. Systolic expansion or thinning was evident during total circumflex occlusion and during isoproterenol infusion and aortic-constriction added to 90% coronary stenosis. Figure 5 shows the two-dimensional echocardiographic and sonomicrometric data. Since the response to ischemia of the tw'o groups of dogs with side-by-side and transmural sonomicrometers were similar, we combined the data and compared them with the twodimensional echocardiographic data. In niques in judging the presence or absence of wall thinning (ischemia). Thus, there were no false-positive or false-negative studies using two-dimensional echocardiography to diagnose ischemia when sonomicrometers were used as validation.
Discussion
The major finding of this study is that two-dimensional echocardiography, when compared to an independent standard, intramyocardial sonomicrometry, is a sensitive and specific method for detecting ischemiainduced transient myocardial dyskinesis.
Since the original studies of Tennant and Wiggers,t7 the rapid appearance of myocardial contraction abnormalities during myocardial ischemia has been well recognized. Transient myocardial dyskinesis is a marker of ischemia, and it would be clinically useful if it could be reliably and easily demonstrated. Twodimensional echocardiography, with its unique ability to demonstrate rapid changes in wall thickness, should be suitable for this purpose. This study was undertaken to compare the sensitivity and specificity of two-dimensional echocardiography in demonstrating transient ischemia dyskinesis with intramyocardial sonomicrometry.
Numerous studies have established the capacity of sonomicrometers to reliably and accurately measure regional myocardial function in experimental models of myocardial ischemia. Theroux et al.'8 and Heyndrickx et al.t9 implanted pairs of crystals in a subendocardial side-by-side orientation (segment length gauge) to demonstrate systolic expansion after coronary occlusion. Ross and Franklin20 placed sonomicrometers in a transmural orientation (one subendocardial, one subepicardial) to register dynamic wall thickness, and found that regional changes in systolic thickening closely paralleled the shortening characteristics of subendocardial segments. Regional contractile abnormalities demonstrated with sonomicrometers are a more sensitive indicator of ischemia than ECG ST-segment changes.2t
The sonomicrometer technique has also been used to demonstrate myocardial ischemia induced by exercise and atrial pacing in a dog model of coronary steno- 
